Abstract The oxidative ratio (OR) is the amount of CO 2 sequestered in the terrestrial biosphere for each mol of O 2 produced. The OR governs the efficiency of a terrestrial biome's O 2 production and it has been used to calculate the balance of terrestrial and oceanic carbon sinks across the globe. However, the value used in carbon cycle calculations comes from only one study of one environment. Here we perform a meta-analysis of studies of soil organic matter and vegetation composition to calculate the first global ecosystem OR value. We use data from 138 samples across 31 studies covering 9 USDA global soil orders, 7 global biomes and 5 continents and combine this information as a weighted average based upon biome land area or organic carbon content of the soil order. Organic matter fractions could not be shown to be reliable proxies for whole soil or vegetation OR. The resulting analysis suggests that although the presently used value of 1.1 is within the range of natural occurrence, it is not the most accurate choice, representing between the 97th and 99th percentile value. Our study yields a global terrestrial OR = 1.04 ± 0.03. This value of OR means that the sink of anthropogenic carbon fluxes to land has been underestimated (and the sink to the ocean overestimated) by up to 14 %. Recalculating with our OR value, the fossil fuel carbon flux to land is 1.48 ± 0.04 Gt C/year and flux to oceans is 2.02 ± 0.03 Gt C/year.
Introduction
To estimate the relative global sinks of carbon it has become common practise to consider the relative changes of oxygen (O 2 ) and carbon dioxide (CO 2 ) concentrations in the atmosphere. This approach was first proposed by Keeling and Shertz (1992) and has subsequently been used to refine estimates of terrestrial and oceanic carbon sinks of fossil fuel emissions (Keeling et al. 1996) . The approach of Battle et al. (2000) uses the following formula: where f x = the annual flux of CO 2 (Gt C/year) with x = land, ocean, fuel or cement, (O 2 /N 2 ) = the molar ratio of atmospheric O 2 and N 2 . We take the sign convention that negative is loss to the atmosphere, i.e. f land and f ocean should both be positive. The constants in Eqs. (1) and (2) above are in the form as stated by Battle et al. (2000) except we have expanded certain constants to show where they derived from and where the OR term appears. In Eqs. (1) and (2) 1.43 is the ''combustion stoichiometry''; 1.1 is given the name ''photosynthetic stoichiometry''; 0.471 the conversion factor for Gt C to ppm CO 2 ; and 4.8 converts ppm to per meg. The photosynthetic stoichiometry is also known as the oxidative ratio (OR) and represents the ratio of moles of O 2 produced per mole CO 2 sequestered by the terrestrial biosphere-it is also known as a B in the calculation of the atmospheric potential oxygen (APO- Stephens et al. 1998) . Within the approach represented by Eqs. (1) and (2), the rate of change of (O 2 /N 2 ) is estimated from observations of global atmospheric concentrations (Battle et al. 2000) . The flux from fossil fuels can be estimated from national greenhouse gas inventories and was initially considered to have the largest source of error (Battle et al. 2000) . Steinbach et al. (2011) has considered the variation in fossil fuel usage and fluxes between 1996 and 2008 and assessed changes in the combustion stoichiometry resulting from changes in the type of fossil fuel used. Steinbach et al. (2011) showed that in the 12 years 1996-2008 the combustion stoichiometry varied from 1.39 to 1.42. It is also possible that there is variation in the OR term. Variation in the OR term can cause substantial variation in sink size calculations, but the value used for OR has received little scrutiny to date. The source of the value of 1.1 dates to the origins of the methodology, where the value of 1.1 was based on a study of the Biosphere 2 experiment (Severinghaus 1995) . Although the study of Severinghaus (1995) was never designed to estimate global OR, Severinghaus (1995) did list a range of OR values based on literature, although no whole soil values were used, and the final estimate of OR was based on their own measurements in Biosphere 2. A range of studies (e.g. Langenfelds et al. 1999 ) have used single OR values instead of considering the breadth of ecosystem possibilities, and the results of this approach have been applied to global records (e.g. Battle et al. 2000) , including the IPCC fourth assessment report (IPCC 2007) .
It is easy to demonstrate that changes in the value of OR can have consequences for the estimation of the terrestrial and oceanic carbon sinks (Fig. 1a, b) : taking all values in Eqs. (1) and (2) to be as those stated by Battle et al. (2000) and varying only OR shows that a 0.1 decrease in OR leads to 0.014 Gt C/year change in f land . Presently, f land is estimated as 1.4 ± 0.8 Gt C/year and presently f ocean is estimated as 2.0 ± 0.6 Gt C/year (Battle et al. 2000; IPCC 2007) .
The question arises whether a value of 1.1 for the global OR is appropriate? When OR is measured for individual ecosystems, values are not necessarily 1.1, nor time constant (e.g. Stephens et al. 1998) , and can vary with measurement technique (e.g. Seibt et al. 2004 ).
(a) (b) Fig. 1 a The predicted flux of carbon to the terrestrial biosphere (f land ) from equation (i) varying oxidative ratio (OR) while holding all other variables and parameters as given by Battle et al. (2000) . b The predicted flux of carbon to the oceans (f ocean ) from equation (ii) varying oxidative ratio (OR) while holding all other variables and parameters as given by Battle et al. (2000) However, it is not possible to extract a globallymeaningful value from any one ecosystem study. To address this, we examine the global literature for terrestrial organic matter to determine the OR of the terrestrial biosphere's organic carbon and conduct a weighted analysis to determine the likelihood that 1.1 is the correct global value. et al. (2008) have shown that an OR value can be calculated from the elemental composition of terrestrial organic matter. In this study we combine new field data of the elemental composition of soils with literature values of elemental composition from soils and vegetation across the globe to provide the first global assessment of OR.
Approach and Methodology

Masiello
A value of OR can be calculated from a carbon oxidation state (C ox ), which can be determined from the elemental composition of organic matter as follows (Masiello et al. 2008 ):
where [X] = molar concentration of C, H, N or O. The OR value is calculated as:
Equation (3) assumes that there is no contribution to the C ox from S or P, and it has been shown that the error in the OR of making such an assumption would be only ±0.0002, which is negligible compared to instrumental error (Hockaday et al. 2009 ). This error was added to the final calculation made in this study. Equation (4) assumes that the ultimate source of N to each ecosystem is N 2 : we considered this to be the most appropriate approach, because in addition to accurately representing the OR of ecosystems not receiving external fixed N, it also produces OR values very close to those calculated for ecosystems receiving the majority of their N in the form of NH 4 NO 3 (e.g. agriculture) (Masiello et al. 2008 ). In the majority of cases the OR error of the N 2 assumption would be not more than 0.008 (Hockaday et al. 2009 )-again we take this maximum error into account.
We reviewed the literature from 1975 to 2010, considering data if, and only if, they met the following criteria:
(i) They were for whole soils or vegetation-humic or fulvic extracts were considered separately and compared to results for whole soils in case they could be used to boost samples sizes. (ii) Only soils from the topmost horizon or within 30 cm of the surface were considered-we assumed that deeper soils would be of less importance in considering recent exchanges of carbon with the atmosphere. (iii) Authors measured C, H, N and O concentrations-for reasons discussed below and for reasons of developing a suitable size of dataset we considered this the minimum data while if we had considered CHNOS data then the dataset would have been unacceptably small. (iv) The soils or vegetation could be clearly associated with a location and one of the soil or vegetation types listed below. (v) All data was derived from elemental analysiswe did not recalculate data from NMR analyses or from bomb calorimetry although we did accept values of C ox from such methods wherever they had already been calculated as OR.
The data from literature was supplemented with data of the CHNO analysis of peat soils at Moor House in northern England. The Moor House catchment is covered with ombogotrophic peat with a median depth of 2 m (Clay et al. 2010) . Within this catchment we took 6 cores from 6 different management types and sampled the peat at 2 cm increments to 30 cm depth. These peat soil samples were dried to 105°C and the CHNO concentration measured in a Costech ECS 4010 elemental analyser. These cores were taken not only to enhance the amount and breadth of data available to this study but also to assess the error structure of OR data, i.e. assess the relative size of the sampling and measurement variance in a large dataset.
An examination of the literature showed that whilst there were relatively few studies that considered whole soil measurement, there were a larger number of studies that analysed some component of terrestrial organic matter, e.g. humic acid. Because of the relative availability of data for humic acids, fulvic acids, and dissolved organic carbon, these components were considered in comparison to the whole soil data in order to test whether this type of data could be used to extend the available information.
To estimate a global value of OR, we combined the available data for soils and vegetation using a stochastic weighted average. This stochastic weighted approach allowed us to consider multiple sources of error and variation in both the measured and calculated OR values as well as the errors in the estimates of weighting factors. We classified soils data into the USDA soil taxonomy orders (e.g. Inceptisols) except that we assumed that Gellisols were equivalent to Histosols as there was no separate data for Gellisols, i.e. we considered 11 soil orders, not all 12 in the USDA taxonomy. We calculated the median and the reported range of the OR of each soil order wherever possible. Where that was not possible, we used the value for the median of all soil OR values and the maximum reported range of the measured OR. This conservative approach assumes nothing about the underlying distributions, given the size of the datasets when divided into soil orders. Instead of using the area of each soil order, we used the estimated organic carbon content of the soil orders (Eswaran et al. 1993) , as this better reflects the larger terrestrial carbon stores in soils such as Histosols. The estimates of the organic carbon stored in each soil order are stated with an error range, and this range is used as the spread of the weightings within the weighted average. We then calculated the global soil OR as a stochastic combination of 100 randomly sampled OR values from within the observed and defined ranges for each separate soil type, assuming a uniform distribution within the range for each soil or biome. Note that in this way the larger sample size for some soil types (e.g. Histosols) does not bias the estimation.
In a similar manner we considered the vegetation data as a stochastic weighted average where we classified data into one of 16 global biomes (Olson et al. 2001 ) and calculated their median and range. As above, where no data were available for a particular biome, we used the value for the median of all vegetation OR values and the maximum reported range of the measured OR for vegetation. The organic carbon content of the 16 global biomes was not available, and so the weightings were taken as the estimate and error in the estimate of the areal extent of each biome (Loveland and Belward 1997) . We then calculated the global vegetation OR as a stochastic combination of 100 randomly sampled OR values and biome areas, as for the global soil OR estimate.
An estimate of the global OR of the terrestrial biosphere was then calculated using two approaches. In our first, the simplest approach, we made no attempt to correct for carbon pool residence time: we simply calculated a pool-weighted global OR average. In our second approach we attempted a basic weighting for carbon pool residence time.
First, the estimates of the global soil OR was taken as: = the oxidative ratio of the global vegetation;u terra soil = the proportion of the terrestrial biosphere C reservoir that is found in soils; and u terra veg = the proportion of the terrestrial biosphere C reservoir that is found in vegetation. Using the terrestrial C reservoir estimates of Eswaran et al. (1993) and Olsen et al. (2001) gives u values where: u terra veg = 0.28 (610 Pg) and u terra soil = 0.72 (1,580 Pg). However, neither estimate was provided with an error statement and so as to be consistent with the second method given below both values were allowed to vary by ±33 %. The value of OR global terra was the then calculated, as above, as a stochastic combination of the values themselves calculated stochastically as the median of 100 random selections from the ranges of OR and u values. In our second approach, we allowed for the fact that C turnover in the vegetation carbon pool is faster than in the soil carbon pool, and therefore the OR global veg would be expected to be of greater importance than the size of the pool would suggest. 
where f terra soil = the proportion of the terrestrial biosphere C annual flux that is due to soils; and f terra soil = the proportion of the terrestrial biosphere C annual flux that is due to vegetation. We estimated the annual flux from the soils or vegetation as the size of reservoir (as estimated for the first method above) divided by the average residence time. The average carbon residence time for soils was taken as between 20 and 40 years (Jenkinson and Rayner 1983) and 2 and 5 years for vegetation (e.g. Gaudinski et al. 2000) . We recognize that the OR of soil fluxes and that of the soil pool may not be identical (just as the carbon isotopic values of the bulk soil carbon pool rarely match the carbon isotopic values of the soil CO 2 flux). However, we must start with the assumption of equivalence between soil OR flux values and OR pool values because no data yet exist comparing soil pool and flux OR values. For example, the soil pool could be further broken down into separate pools of organic matter and some soil organic matter pools will have residence times of 100-1,000 s of years but given the lack of data on pools we will assume the bulk average as given above measured for a UK mineral soil under arable crop (Jenkinson and Rayner 1983) . The value of OR global terra was then calculated, as above, as a stochastic combination of the values themselves calculated stochastically as the median of 100 random selections from the ranges of OR, reservoir size and residence time estimates: on this basis median values would be: f 
Results
The cores at Moor House gave a range of OR values between 0.92 and 1.08 (n = 60, Fig. 2 ). The analysis of variance (ANOVA) of the OR values shows that there was no significant change in OR with depth, but there was a significant change in OR between sampled cores: the standard deviation in OR across the whole dataset was 0.034.
A total of 39 studies gave rise to a dataset of 99 OR values that covered 10 of the 12 soil orders (Ultisols were not represented and Gellisols were counted as Histosols) and covered the following continents: Asia, North America, South America, Europe and Australia but not Africa or Antarctica (Table 1; Fig. 2 ).
This distribution of data suggests that 1.1 is an overestimate for OR global soil . Further, given this distribution of the data, a value of 1.1 would represent the 83rd percentile. Given the stochastic weighted average after 100 random selections the median value is OR global soil = 1.055 ± 0.023, where the error is given as the IQR-given this data distribution, the value of 1.1 would represent the 99th percentile. The outcome is not biased by the larger number of data for Histosols in comparison to other soils orders by using a weighted average of the data as divided into the USDA soil orders. Equally, most data are still focused near values of 1.05, with or without weighting (Fig. 2) .
The median of all vegetation data was 1.02 (Table 2 ) and a value of 1.1 would be the 98th percentile in this distribution. By weighted average this comes to OR global veg = 1.03 interquartile range of 0.02. It is difficult to interpret the differences between biomes, or indeed soils, given the very few studies and samples that exist for any one biome or soil. The data does show values as low as 0.78 which does suggest some highly oxidised vegetation.
The ranges of OR for humic acids, fulvic acids and dissolved organic matter are given in Table 3 . By using ANOVA it was possible to test between the distribution of OR values for soils, vegetation, humic acids, fulvic acids and dissolved organic matter and then use post hoc testing to assess whether significant differences exist between types of organic matter. The post hoc comparisons show that soils OR values were significantly different at p [ 0.99 (i.e. 1 % chance of not being different) from all other organic matter types that could be considered (Table 4) . Only two comparisons suggested a significant similarity and that was between vegetation and humic acid OR values and between fulvic acids and dissolved organic matter. However, the nature of the data and studies available to us meant that we could not make more direct comparisons as there were no studies where vegetation, soil, soil organic matter fractions and dissolved organic matter were all analysed from the same location and indeed samples sizes remain small. This ANOVA provides no evidence that other types of terrestrial organic matter could be a reliable proxy for whole soil OR values.
The first approach for calculating OR global terra Eq. (v) gives a value of 1.038 with an IQR of 0.014, given the additional uncertainty due to the assumptions regarding the N cycle (i.e. and as described above, the calculation of OR in Eq. (4) is dependent upon the ultimate species of the N in each ecosystem- Hockaday et al. 2009 ) and the S and P content of organic matter (that the content is negligible-as stated above), this gives a value of 1.042 ± 0.029. Given Eq. (1) and (2) and leaving all other terms as given in Battle et al. (2000) then f land = 1.48 ± 0.04 Gt C/year and f ocean = 2.03 ± 0.04 Gt C/year, i.e. values of the OR presently being used are underestimating these fluxes by between 14 and 5 % respectively. For the second approach to calculating OR global terra Eq. (6) gives an OR value of 1.036 with an IQR of 0.015, given assumptions regarding the N cycle and the S and P content of organic matter, this gives a value of 1.040 ± 0.032. As above, applying this new value to Eqs. (1) and (2) and leaving all other terms as given then f land = 1.48 ± 0.04 Gt C/year and f ocean = 2.02 ± 0.03 Gt C/year a 6 % difference from values of f land and f ocean based upon an OR global terra = 1.1.
Discussion
The value calculated here is clearly not a perfect representation of global OR; however, it is the first to attempt to calculate a truly global OR value to replace the single-environment value that has been previously Bagautdinov et al. (1984) used (e.g. Langenfelds et al. 1999) . This study covers a range of biomes and soil types, and shows that the presently used value of OR is unlikely to represent global conditions, indeed the original study of Severinghaus (1995) never intended its measured value to be applied globally. Our work highlights where at a global scale we know very little about OR and so highlights targets for future sampling. Table 1 shows that we found no studies of Ultisols from which we could calculate an OR value and only 1 each for Values are reported as the probability of the difference between compared pairs being zero. Numbers underlined are those where the difference was significant at least at a probability of being zero
Biogeochemistry (2013) One of the assumptions of the approach used is that, as stated above, there is an equivalence between soil OR flux values and the OR of individual soil carbon pools. Indeed, better constraints on the OR and C ox of a range of ecosystems is likely to provide useful information for C cycle management through understanding turnover and changes in the composition of organic matter pools. Initial observations suggest that C ox is linked to the decomposability of organic matter, with more oxidized organic carbon decomposing more rapidly (Kleber 2010) . This is plausible, because C ox reflects the demand for O 2 in organic matter oxidation, with more reduced compounds demanding more O 2 . Although the atmosphere is not oxygen-limited, soils and marine sediments can be, and oxygen exposure time has been linked to organic carbon preservation in marine sediments (Hartnett et al. 1998) . For terrestrial organic matter, litter bag experiments have shown that the fraction of terrestrial organic matter remaining after decomposition is more reduced than the initial biomass (Baldock et al. 2004 This study is entirely about the value of OR for the organic matter of the terrestrial biosphere at equilibrium and we have assumed that all samples represent their specific soil or biome at equilibrium. It has been shown that a cumulative decrease in the OR of net primary production by 0.01 over a period of 100 years would create an O 2 disequilibrium of 0.0017 and require an increased land carbon sink of 0.1 Gt C/year to balance global atmospheric O 2 and CO 2 budgets (Randerson et al. 2006 ). Disequilibria could be caused by a range of processes in the terrestrial biosphere (e.g. land use change, increased atmospheric CO 2 , hydrologic cycle variations). At present, a disequilibrium in OR has yet to be demonstrated in the field, but it would be surprising if it did not exist given that we know that many land use changes, for example, cause large shifts in the total organic carbon content (e.g. deforestation- Achard et al. 2002) .
The value of OR global terra found by this study suggests that the global terrestrial carbon sinks are larger than previously expected. This may mean that other estimates of the terrestrial carbon sink size need to be examined, e.g. that from C isotopes (e.g. Battle et al. 2000) . However, it should be noticed that if this study is performing the first ever global assessment of OR in Eq. (1) then it might also be timely to consider changes in the value of the 1.43 constant (the combustion stoichiometry) not because the composition of any fossil fuel has changed but because the global mix of fossil fuels has changed with continued economic development-a decline in the value of 1.43 to only 1.36 would cancel the change in OR global terra from 1.1 to 1.04 proposed by this study. Of course, a priori there is no reason why that the value of combustion stoichiometry would not be greater than 1.43 and therefore exacerbate the changes proposed in OR proposed here. It may prove possible to develop national scale OR and combustion stoichiometry to better assess the efficiency of sequestration of greenhouse gas emissions.
Therefore, we would propose that although we have estimated the terrestrial biosphere OR for the first time we have also highlighted the shortcomings in our knowledge of this important property, and measurements specifically for OR can now be targeted to have the most impact upon our understanding. We need to understand what controls differences in OR between and within environments-is it climate, land-use, vegetation and/or combinations of factors? Do we need to know OR at a regional or national scale? What causes OR of an environment to change?
Conclusions
The study has compiled values of OR of organic matter in the terrestrial biosphere in order to provide the first estimate of the global OR and thus re-estimate the flux of carbon to land and oceans. The study has shown: (i) The weighted average global soil OR is 1.055 ± 0.023 and the weighted average global vegetation value is 1.03 ± 0.02. (ii) The residence time-weighted global average OR of terrestrial organic matter was found to be 1.04 ± 0.03 which means that the present value as used for atmosphere-based land C sequestration estimates reported in the IPCC assessment represents the 97th percentile of observed values. (iii) The re-calculated global terrestrial OR means that the global flux of carbon to the terrestrial biosphere is 1.48 ± 0.06 Gt C/year and to oceans is 2.02 ± 0.05 Gt C/year.
It is clear from this study how important the oxidation state of the organic matter of the terrestrial biosphere is but how little is known about what controls it.
